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INTRODUCTION
Since the early 20th century, various authors have attempted to explain the pathophysiology of stress urinary incontinence (SUI). Enhorning hypothesized that SUI is the due to poor transmission of intra-abdominal pressure to the bladder and the part of the proximal urethra above the pelvic floor [1] . Later, McGuire et al. [2] introduced the concept of sphincteric incompetence. Today, the most accepted theory is the theory developed by DeLancey [3] , which assumes that all periurethral and pericervical structures contribute to continence.
No research team has yet been able to measure reliably the transmission pressures in the urethra during straining. The transmission ratio measurement, which was proposed for the specific urodynamic diagnosis of SUI, was abandoned because it is influenced by many parameters and is not well correlated with the degree of SUI [4] [5] [6] .
The lack of a specific SUI biomarker could be the explanation for the poor predictive value of urodynamics and the ongoing debate on whether urodynamic testing before surgery has benefits [7, 8] . When considering evidence from these recent studies, we should reconsider the urodynamic measurements that are routinely used: are they closely correlated with the diagnosis of SUI and its pathophysiological mechanisms?
Searching for a specific SUI biomarker, our team developed a technique for measuring the urethral closure pressure at stress (s-UCP). Our objective was to evaluate the performance of the s-UCP for the diagnosis and the assessment of female SUI severity.
MATERIALS AND METHODS

Population and Data Collection
All patients without neurological conditions who underwent a urodynamic examination between April 2010 and October 2011 were included in this prospective observational study.
SUI was defined as "the complaint of involuntary leakage on effort or exertion" [9] . The severity of SUI was assessed by the International Consultation on Incontinence QuestionnaireShort Form [10] and the validated French validated questionnaire, the Mesure du Handicap Urinaire (MHU) [11] . It is a graded scale, completed by the physician, including 7 subscales (urgency severity, urge urinary incontinence, day-time and night-time frequency, SUI, and hesitancy). For the SUI subscore, the severity is considered to be inversely proportional to the intensity of the stress required to induce leakage, according to the Stamey Urinary Incontinence scale [12] . It ranges from 0 (no problem) to 4 (maximal score).
Cervicourethral mobility was assessed by measuring point Aa according to the pelvic organ prolapse quantification classification [13] . The strength of the levator ani muscle was rated from 0 to 5 [14] .
Urethral pressure measurements were carried out with patients in a 45° upright position with a bladder volume of approximately 200 mL. We used a CH8 double-lumen, 4 urethral eyes catheter (Porgès AH24F8, Sarlat La Caneda, France) to avoid variation in the maximum urethral closure pressure related to the sensor orientation. It was perfused with a constant filling rate (2 mL/min) with saline solution [15] . Just before connecting catheters and beginning the measurements, the apparatus was zeroed with the atmospheric pressure at the pubic symphysis.
The maximum urethral closure pressure at rest (r-MUCP) corresponds to the difference between maximal urethral pressure during a static urethral profile and bladder pressure (cm H2O). Three successive measurements were conducted with a rate of catheter removal of 1 mm/sec. The smallest value was used as the reference for the analyses.
For s-UCP measurements, the operator maintained the urethral catheter manually during coughing in the urethral sphincter area determined during the urethral profile obtained at rest. This was performed by maintaining the nearest graduation at the same distance visually from the urethral meatus during the entire cough. The intensity of coughing was guided by the doctor to be associated with the lowest-intensity leak under ordinary conditions. s-UCP corresponds to the residual pressure during a cough (cm H2O) (Fig. 1A ). Measures were included in the analysis if they were greater than 70% of the r-MUCP value. The average value of the r-MUCP immediately before and after the cough peak was used (Duet, Medtronic Inc., Minneapolis, MN, USA). Three similar curves were obtained and the smallest calculated value of s-UCP was used for the analysis.
s-UCP was calculated from the difference between urethral pressure at stress (s-UP) and bladder pressure at stress (s-BP): s-UCP = s-UP-s-BP (cm H2O).
The pressure transmission ratio (PTR) is the increment in urethral pressure (peak of urethral pressure; PUP; cm H2O) at stress as a percentage of the simultaneously recorded bladder pressure (peak of bladder pressure; PBP; cm H2O): PTR = PUP/ PBP (Fig. 1A) .
After removal of the urethral catheter, several Valsalva leak point pressure (VLPP) determinations were obtained, with the patients in the same position with a fixed-balloon rectal catheter. The lowest pressure at which leaking occurred at the external urethral meatus was chosen as the VLPP (cm H2O).
Statistical Analysis
The correlations between s-UCP and other clinical and urodynamic parameters were evaluated using the Pearson correlation coefficient (r). The correlation was considered to be very strong when r was > 0.80, strong when it ranged between 0.50 and 0.80, moderate when it was between 0.20 and 0.50, and low when it was < 0.2.
Five groups of patients defined according to their MHU score (from 0, indicating no SUI, to 4, indicating "urinary leakage occurring with minimal-stress activities or at all times") were compared for the different predictive variables. Analysis of variance was used to compare the means of the different parameters according to the MHU score.
The variables of point Aa and perineal testing were considered as ordinal quantitative variables, while r-MUCP, s-UCP, and PTR were analysed as continuous variables. The VLPP was recoded as follows: equal to 120 cm H2O (greater than all values of abdominal pressures identified in our study) if no urinary leakage was present. When urinary leakage was present, the abdominal pressure value was noted (cm H2O).
The predictive value for SUI of each of these parameters was assessed using logistic regression to examine the risk of SUI (an MHU score of 0 versus all other scores), and ordinal logistic regression to examine the severity of SUI according to the MHU scale.
Each of the parameters was studied at first separately, and then all variables considered for the prediction of SUI and severity of SUI were introduced into the models. Age and body mass index (BMI), which were considered to be potential confounders, were systematically introduced into the models.
A graphical comparison of the receiver operating characteristic (ROC) curves for the different parameters was also used to determine the best predictor of SUI diagnosis. An area under the ROC curve (AUC) between 0.90 and 1 was considered to indicate excellent discrimination, between 0.80 and 0.90 good discrimination, between 0.70 and 0.80 low discrimination, and < 0.70 low to poor discrimination.
Analyses were conducted using Stata 9.0 (Stata Corp., College Station, TX, USA).
RESULTS
A total of 400 patients were included. Their mean age was 52.4 ± 12.9 years, their mean BMI was 25.3 ± 4.6 kg/m 2 , and their mean parity was 2.1 ± 1.3.
The indications for urodynamic analysis were urinary incontinence (346 women, 90.1%), increased daytime frequency (12 women, 3.1%), an exam before pelvic surgery (11 women, 2.9%), urgency (8 women, 2.1%), and recurrent urinary tract infections (7 women, 1.8%).
Of the 400 patients, 358 (89.5%) were diagnosed with SUI after symptom assessment. Of them, 218 (54.5%) had a negative VLPP.
s-UCP
The s-UCP values ranged from -69 cm H2O to 128 cm H2O ( 1B shows different types of curves). The mean s-UCP was 52.3 ± 29.9 cm H2O in continent women and 10.5 ± 20.9 cm H2O in stress incontinent patients, and it significantly decreased with the MHU score ( Table 1 ). The mean s-UCP decreased significantly with age (P < 0.05). Significant differences were not associated with parity or BMI, but a decreasing trend was observed. A strong correlation was found between s-UCP and r-MUCP (r = 0.62), and moderate correlations with PTR (r = 0.48) and point Aa (r = -0.31).
A strong inverse correlation was found between s-UCP and the MHU score (r = -0.53). The correlations between the MHU score and the other parameters were poor to moderate.
Prediction of SUI
In the multivariate analysis, associations (also adjusted for age and BMI) were significant for s-UCP, perineal testing, and point Aa (odds ratio The ROC analysis showed excellent discrimination for s-UCP (AUC = 0.90), good discrimination for point Aa and PTR (AUC = 0.84 and 0.80), and low discrimination for r-MUCP, VLPP, and perineal testing (AUC = 0.79, 0.76, and 0.74, respectively). s-UCP values less than or equal to 20 cm H2O had a sensitivity of 73.1% and a specificity of 93.0%. The positive likelihood ratio was 10.21 and the negative likelihood ratio was 0.29 (Fig. 2) .
Severity of SUI
The multivariate analysis showed significant associations between the severity of SUI and s-UCP, VLPP, and levator ani muscle strength. Those 
DISCUSSION
Main Findings
s-UCP was found to be the most discriminative measure for the diagnosis of SUI. It decreased significantly with the severity of SUI and age.
Limitations and Strengths
The principal limitation of our study is the number of continent patients (with an MHU score of 0). Of the 400 women who underwent a urodynamic study (after the exclusion of pelvic organ prolapse or urinary incontinence surgery), we were only able to find 42 women who were fully continent (10.5% of our population). It is quite difficult to recruit women without SUI in this kind of study design. Using a severity scale partially overcomes this deficiency by validating a kind of dose-response relationship.
To assess the severity of SUI in women, we used the French MHU score. Unfortunately, it has never been correlated with the pad test, but it is widely used by French physicians after being recommended by the National Agency for Accreditation and Evaluation in Health [16] . This limits the degree to which our findings can be compared to those of international studies, but it is, to our knowledge, the only validated questionnaire dealing with the circumstances of leaking without involving the notion of frequency.
The main problem in measuring the s-UCP is that it requires the examiner to have some experience: he or she must ensure that the urethral catheter is not moving in the urethra when the patient is coughing. Ideally the stress urethral pressure measures should be made at the point of highest pressure along the functional length of the urethra, but that is not technically feasible. This is the reason why we considered the measure valid for the s-UCP calculation when the resting value was more than 70% of the r-MUCP. Another validation criterion was the visual aspect of the curve: the measurement was considered successful for the purposes of the analysis if we observed 3 similar curves with a stable value of r-MUCP before and after coughing. If r-MUCP decreased (urethral fatigability), the appearance of the curve visually changed. We are currently working on a quantitative validation criterion for the curves.
Interpretation
Currently, there is no reliable urodynamic measurement used in the diagnosis and severity of SUI. The VLPP, which is presented as a simple and reproducible measure, has been widely disseminated among clinicians since 1993 [17] . However, it is still not standardized. The Société Interdisciplinaire Francophone d'UroDynamique et de Pelvi Périnéologie only proposed measuring the VLPP in a semisitting position, with a filling volume of 200 mL and an intrarectal catheter. Three successive measurements must be performed with direct visualization of the urine leakage [18] . This measure of VLPP is not always possible because some patients are not able to reproduce on the examination table sufficient valsalva manoeuvres to cause loss of urine. Thus, in our study, only 139 stress incontinent patients (38.9%) had a positive VLPP. In the study by Haab et al. [19] , the assessment of continence with VLPP was only possible in 70% of patients (intensity of abdominal pressure higher or equal to 60 cm H2O). Because r-MUCP assesses urethral strength, it cannot be used for diagnosing SUI due to the significant overlap between continent and stress incontinent women [20] , and the measure appears to be moderately correlated with the severity of SUI. Theofrastous et al. found, in a prospective study with 75 stress incontinent women (pure SUI), a moderate correlation between r-MUCP and the number of incontinence episodes per week (Pearson correlation coefficient r = 0.258, P = 0.04). There was no significant correlation between r-MUCP and the pad test (r = 0.116) or the quality of life scale [21] . Similarly, Nager et al. [22] studied the correlations among r-MUCP, VLPP, and the severity of UI in 52 women with pure SUI (n = 46) or mixed urinary incontinence with predominant SUI (n =6). They found a low correlation between r-MUCP and the pad test (r < 0.09), and moderate correlations with the Q-tip test (r = 0.67) and the quality of life score (r = 0.10 for r-MUCP).
In our opinion, s-UCP appears to be the most discriminative measure for use in diagnosing SUI and assessing its severity because it takes into account both the quality of the urethral sphincter and urethral mobility. With a high positive likelihood ratio and a negative likelihood ratio close to 0, it appears to be a specific SUI biomarker that could help encourage a re-emergence of interest in urodynamic examinations, especially before anti-incontinence surgery.
To confirm the usefulness of this measure, a study with an internationally validated questionnaire in a larger population and a study about the reliability of the measure must be conducted to validate the feasibility of this measurement. Finally, a study of the impact of the s-UCP on the results of SUI surgery will be needed to confirm its clinical importance.
In conclusion, s-UCP appears to be the most discriminative measure yet identified for the diagnosis of SUI and is closely correlated with the severity of SUI. s-UCP is a global and specific urodynamic parameter that takes into account the different pathophysiological mechanisms of SUI: the quality of the urethra, its sphincter, and periurethral structures.
